ABSTRACT: Ga-assisted growth of GaAs nanowires on silicon provides a path for integrating highpurity III−Vs on silicon. The nature of the oxide on the silicon surface has been shown to impact the overall possibility of nanowire growth and their orientation with the substrate. In this work, we show that not only the exact thickness, but also the nature of the native oxide determines the feasibility of nanowire growth. During the course of formation of the native oxide, the surface energy varies and results in a different contact angle of Ga droplets. We find that, only for a contact angle around 90°( i.e., oxide thickness ∼0.9 nm), nanowires grow perpendicularly to the silicon substrate. This native oxide engineering is the first step toward controlling the self-assembly process, determining mainly the nanowire density and orientation.
S emiconductor nanowires bring a wide range of new concepts for next generation optoelectronic and electronic technologies, as well as new platforms for fundamental science. 1−7 Among all the III/V semiconductors that can be used to form these structures, GaAs and InP are among the most promising for photovoltaic applications due to its ideal bandgap. 8, 9 However, GaAs is technologically more relevant due to the wider availability of Ga in the Earth's crust with respect to In. Moreover, GaAs nanowire solar cells can also be obtained on silicon platforms, creating the possibility of a double junction. 10 Still (to date), no device with GaAs nanowires is commercially available. For several reasons, the fabrication challenges could be invoked. The most common mechanism used for the formation of nanowires is the so-called vapor liquid solid (VLS) . 11 This technique requires a liquid droplet, often called a catalyst, which decomposes and/or preferentially gathers the growth precursors in vapor phase. Upon supersaturation of the liquid, a solid phase precipitates underneath. Au is the most widely used metal to induce VLS. Several studies show that Au atoms can get incorporated in the body of the nanowire and on the silicon substrate. 12−15 To circumvent the use of gold for nanowire growth, several groups have studied self-catalyzed or catalyst-free growth of nanowires on silicon.
16−23 Detailed understanding of this particular growth mechanism has led to a better control of the nanowire morphology and crystal phase. 18,19,24−30 However, to date, full control over nanowire orientation was observed to be dependent on the wafer batch. 31, 32 Most studies focus on the comprehension of the growth at the steady state. To the best of our knowledge, very little work has targeted the understanding of the initial steps of growth. This phase is key in the heterogeneous integration of III−Vs on silicon as it influences all the subsequent stages. 19, 33 In the present work we investigate the influence of the surface properties of the native silicon oxide on the initial growth stages of self-catalyzed GaAs nanowires obtained by molecular beam epitaxy (MBE). In particular, we show how the native oxide thickness is strictly related to nanowire orientation with respect to the substrate, and which conditions are needed to achieve only vertical growth.
We start by describing the preparation of the substrates. We use 2 in. Si(111) wafers with a nominal resistivity of 10− 20·Ω*cm. The doping of the wafer only determines the kinetics of oxide formation. All wafers were initially immersed in a BHF solution (7:1) for 2 min to remove the native oxide, and subsequently exposed to air in a controlled cleanroom environment (21 ± 0.5°C, 44% humidity) for a determined time. The native oxide thickness was monitored with a Sopra GES 5E spectroscopic ellipsometer. The thickness obtained by ellipsometry has been confirmed by AFM measurements on oxide steps (see SI). The temporal evolution of the native oxide thickness after the HF etching is shown in Figure 1a . The native oxide regrows at the fastest pace after the immediate removal of the native oxide. Within a week, a thickness of ∼0.8 nm is achieved. After this initial period, the oxidation slows down, reaching a final thickness of ∼1.5 nm in a much longer time frame, e.g., 20 weeks, as observed earlier in previous studies. 34, 35 After preparing the substrates with a native oxide of particular thickness, we introduce them in the ultra-highvacuum environment of our MBE machine (DCA P600). For the sake of removing any remnant water or organic residues from the surface, the substrates undergo several degassing steps. First, a halogen lamp degasses the substrates and substrate holder at ∼150°C for 2 h in the MBE load-lock (between 10 −6 and 10 −8 Torr). After this, the wafers are heated to ∼500°C in a separate chamber for 2 h at a pressure ∼10 −10 Torr. A third and last degassing is performed in the growth chamber directly prior to growth at 750°C for 20 min.
We compare the growth for different thicknesses of the native oxide (from 0 to 1.5 nm). All growth was performed under identical conditions, which corresponds to a standard for Ga-assisted growth of GaAs nanowires: 640°C substrate temperature, a Ga rate of 1.1 Å/s, As flux of 2.5 × 10 −6 Torr, and growth time of 1 h. 32 Optical and scanning electron microscopy images (SEM) of the samples after growth are shown in Figure 1b −g. For thicknesses of ∼0.5 nm or less, no nanowires are observed. In this case, only polycrystalline GaAs growth is observed (see Figure 1b) . At an oxide thickness of around ∼0.7 nm, elongated vertical structures start to form on the polycrystalline layer. Interestingly, these short nanowires mostly exhibit a perpendicular relation with the substrate surface and do not exhibit a droplet at their tip (see Figure 1c) . This represents the transition from 2D growth toward Gaassisted GaAs nanowire growth, which is achieved for oxides thicker than ∼0.9 nm (see Figure 1d ). As can be observed in the optical micrographs, the appearance of the samples is homogeneous over the 2 in. wafer. SEM investigations confirm that this is the case. For a native oxide thickness of 0.9 nm only vertical nanowires are observed. Growths performed at oxide thicknesses of 1.1, 1.2, and 1.5 nm present nanowires across the full 2″ wafer (see, respectively, Figure 1d−f) . By increasing the native oxide thickness, we observe a progressive increase of nonvertical orientations, a broadening of length and diameter distributions, as well as a decrease of nanowire density.
A more detailed analysis of the nanowire morphology is given in Figure 2 : in (a−d) tilted views of the nanowire forests grown on, respectively, 0.9, 1.1, 1.2, and 1.5 nm oxide thickness show a clear decrease in nanowire density and an increase of tilted wires for thicker oxides. The droplets will be discussed in the next paragraph. Quantitatively we observe that the nanowire density drops by 2 orders of magnitude (from 2.6 × 10 8 to 4.7 × 10 6 cm −2 ), while the nanowire diameter increases from 90 to 180 nm, as the oxide thickness increases from 0.9 to (111) substrates. The scalebar is 3 μm. In (e) the density change of nanowires and Ga droplets at increasing oxide thickness is quantified: in both cases the decrease in density is 2 orders of magnitude, although the droplet density is 1 order of magnitude higher: nanowire density goes from (2.6 ± 0.03) × 10 8 to (4.7 ± 0.4) × 10 6 cm −2 , whereas droplet density goes from (4.0 ± 0.23) × 10 9 to (3.6 ± 1.0) × 10 1.5 nm. Nanowire populations of >100 were considered for the statistical study. In order to explain our observations we looked at the initial stage of growth, namely, the formation of the Ga droplets. For this, we deposited Ga for 5 min at the growth temperature. Immediately after the deposition the substrate was cooled down to room temperature for observation. Representative SEM images of the sample surface are shown in the SI. The Ga droplet density and size vary dramatically as a function of the thickness of the native oxide. At ∼0.1 nm of oxide thickness, droplets of diameter above 2 μm are found, while at increasing oxide thicknesses up to 1.5 nm, the droplet diameter progressively shrinks, down to ∼60 nm (see SI).
In Figure 2e ,f, the density and diameter of the Ga droplets are compared to the diameter and density of nanowires for oxide thicknesses above 0.8 nm. Ga droplet and nanowire density follow a similar trend. They decrease slightly for oxide thicknesses between 0.8 and 1.1 nm to strongly decrease at higher thickness. Still, there is an order of magnitude difference between the droplet and nanowire density. Unexpectedly, nanowire and droplet diameters evolve in opposite directions: nanowire diameter increases at raising oxide thickness, whereas droplet diameter obtained at a fixed time shrinks. To better understand these counterintuitive results we measured the time required for nanowire growth to start, for different oxide thicknesses. For the sake of simplicity, we will call this time the "incubation time". We monitored the substrate surface by reflection high energy electron diffraction (RHEED) and measured the time lapse until the diffraction peaks of crystalline GaAs nanowires appeared. For oxide thicknesses of 0.9 nm the incubation time was below 10 s, whereas at 1.3 nm it increased up to ∼5 min (see SI). The fact that nanowires start to grow at an earlier time for thinner oxides could explain the smaller nanowire diameter (∼80 nm) compared to the larger nanowire droplet (∼150 nm) achieved with 5 min deposition. The difference in nanowire and Ga droplet diameter for thicker oxides is more difficult to explain, as the incubation time is close to the 5 min of deposition. In this case, the axial growth and nanowire density decrease, which favors the size increase of the Ga droplet during axial growth and thereby the nanowire diameter (further details in SI). Figure 2g shows the evolution of the amount of Ga found on the surface as a function of the native oxide thickness, calculated by adding the average volume of the droplet times their areal density. The amount of Ga remains constant within the error bar to an oxide thickness of ∼1.0 nm. For thicker oxides it is strongly reduced. This hints at a lower sticking coefficient of the Ga for thicker oxide at the growth temperature. It also indicates a change in the nature of the oxide. 36, 37 In order to further illustrate the change in the nature of the native oxide and to relate it to what one generally observes in nanowire growth, 32 we look at the contact angle of the Ga droplets, β (Figure 3) . By progressively increasing the native oxide thickness (0.4, 0.6, 0.9, 1.1, 1.2, and 1.5 nm) the contact angle increases from 50°up to ∼120°(see, respectively, Figure  3a −f). A summary of the contact angle as a function of the oxide thickness is reported in Figure 3g . Interestingly, nanowires form for β > 80°. The change in contact angle can also be related to the variation of the oxide surface energy through Young's equation:
where γ sl is the liquid−solid surface energy, γ sv is the solid− vapor surface energy, and γ lv is the liquid−vapor surface energy. The latter was calculated by the empirical relation of Hardy.
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The evolution of the term γ sl − γ sv is illustrated in Figure 3h : it is negative for an oxide-free silicon surface, therefore energetically favoring the liquid/solid interface formation. The increase in surface thickness leads to an increase of the term γ sl − γ sv . At around 1 nm of oxide thickness γ sl − γ sv becomes zero (see Figure 3d ). From this critical value on, the formation of liquid− solid interface is not favorable, consistent with the high contact angle (>90°). The progressive change in contact angle should be explained by the gradient in the chemical composition of the native oxide. At the Si/SiO x interface the oxide is silicon-rich. When the distance to the interface (and thickness) is increased, the oxygen content progressively increases. For thick enough layers, typically obtained by thermal oxidation, the composition reaches the stoichiometric composition SiO 2 at ∼1.3 nm off the Si interface. The progress of the contact angle is correlated to the evolution from 2D growth, to mixed 2D-elongated structures without droplets, to nanowire growth. In (h) the surface energy of the different native oxide thicknesses calculated by Young's equation is shown. The range of surface energy at which only vertical nanowire growth was achieved is marked in purple.
Crystal Growth & Design It is worth noting that a contact angle β between 50°and 70°i s related to 2D growth. Instead, when the contact angle is larger than 80°nanowire growth becomes viable. Only for contact angles around 90°are a majority of vertical nanowires obtained. Higher contact angles favor the formation of tilted nanowires. This suggests that the initial wetting characteristics of the Ga droplet determine whether or not nanowires are formed, as well as their orientation with respect to the substrate. In principle, the change in nanowire orientation can be due to the following factors: (i) a change in polarity of the first layer nucleating on the silicon substrate or (ii) the existence of three-dimensional multiple twinning. 24 To understand which of the factors is more determining, we measured the tilting angles of the nanowires grown on thicker oxides (1.3 and 1.5 nm). If a change in polarity would be at the origin of the tilted angles, only nanowires with orientations of 19°and 90°would appear. Instead, we observe a wide range of tilting angles consistent with 19°, 34°, 41°, 58°, and 68°. This suggests that (ii) is triggering the formation of multiple orientations. Further work is needed to understand whether the surface energy or thickness of the oxide favors the three-dimensional multiple twinning. One should also consider that the change in surface energy at different oxide thicknesses might influences the Ga diffusion rate, leading to potentially different growth kinetics (e.g., formation of larger Ga droplets). Finally, detailed work on the role of the interface energy between GaAs and the oxide in the initial stage of growth should be performed in the future. For example, one could determine the shape and localization of the initial nuclei as a function of the oxide thickness. One would gain deeper insight into the origin of three-dimensional twinning for thicker layers.
In conclusion, with the present work we have demonstrated the key role of the nature of the native oxide in the Ga-assisted growth process of GaAs nanowires. We have shown that a change in the native oxide thickness is accompanied by a variation of surface energy. This determines the contact angle of Ga droplets on the surface and the capability of forming nanowires as well as their orientation. We find that a contact angle of 90°is the most suitable for obtaining vertical nanowire growth. This work opens new possibilities in nanowire growth in terms of control and reproducibility, also being a step forward toward a realistic integration of compound semiconductor nanowires on the Si platform. 
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